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INTRODUCTION
The c o u n t e r r o t a t i o n p r o p e l l e r t e s t r i g i s shown i n t h e NASA Lewis 8-b y 6-Foot Wind Tunnel i n f i g u r e 1 . I n t h i s f i g u r e , t h e s l o t t e d h o l e s i n t h e t u nn e l w a l l s which p r o v i d e a 5.8 p e r c e n t p o r o s i t y i n t h e 14 f t t e s t s e c t i o n , can be seen. I n t h e p a s t , t h e p o r o s i t y o f t h e t e s t s e c t i o n had been assumed t o cancel o u t t h e need f o r any i n t e r f e r e n c e c o r r e c t i o n s i n t h e s i n g l e and c o u n t e rr o t a t i o n p r o p e l l e r t e s t d a t a . r e l a t i o n between NASA and Hamilton S t a n d a r d ' s s i n g l e r o t a t i o n p r o p e l l e r t e s t r e s u l t s o b t a i n e d i n d i f f e r e n t f a c i l l t i e s on t h e same p r o p e l l e r models.
This assumption appeared v a l i d due t o good cor-T h i s good c o r r e l a t i o n between NASA and H a m i l t o n Standard was e s p e c i a l l y encouraging because o f t h e l a r g e d i f f e r e n c e s between wind t u n n e l s and p r o p e l l e r t e s t r i g s . The U n i t e d Technologies Research Center (UTRC) Wind Tunnel was a s o l i d w a l l wind tunnel versus t h e porous w a l l NASA Lewis Wind Tunnel. F u r t h e r , t h e e l e c t r i c d r i v e t e s t r i g and the t h r u s t and t o r q u e measuring system used a t UTRC were s i g n i f i c a n t l y d i f f e r e n t i n d e s i g n from t h e t u r b i n e d r i v e p r o p e l l e r t e s t r i g used a t NASA. A l s o , a s p e c i a l c a l i b r a t i o n procedure was f o l l o w e d i n t h e UTRC s o l i d w a l l t u n n e l to account f o r w a l l i n t e r f e r e n c e e f f e c t s . The good c o r r e l a t i o n i n d a t a o b t a i n e d i n these two f a c i l i t i e s suggested t h a t any i n t e rf e r e n c e c o r r e c t i o n s f o r t h e NASA 8-by 6-Foot Wind Tunnel were s m a l l , around 1 p e r c e n t or l e s s . With t h e advent o f c o u n t e r r o t a t i o n p r o p e l l e r t e s t i n g , howe v e r , t h e l a r g e r blockage of t h e c o u n t e r r o t a t i o n t e s t r i g c o u l d r e p r e s e n t a s i g n i f i c a n t unknown i n t e r f e r e n c e c o r r e c t i o n t o t h e p r o p e l l e r d a t a . Therefore, t h e d e c i s i o n was made t o determine t h e i n t e r f e r e n c e c o r r e c t i o n s . This paper r e p o r t s on the wind t u n n e l t e s t s t h a t were made t o experiment a l l y determine t h e magnitude o f the i n t e r f e r e n c e c o r r e c t i o n s r e q u i r e d f o r c o u n t e r r o t a t i o n p r o p e l l e r t e s t i n g i n t h e NASA Lewis 8-by 6-Foot Wind Tunnel.
Also presented
o r Mach numbers from 0.6 t o 0.9 which r e p r e s e n t t h e Mach number r e g i o n where t h e c o u n t e r r o t a t i o n p r o p e l l e r t e s t i n g was done.
WIND TUNNEL AND PROPELLER TEST R I G
The NASA Lewis 8-by 6-Foot Wind Tunnel was designed f o r t r a n s o n i c t e s ti n g . The wind tunnel can o p e r a t e a t Mach numbers from 0 . 4 t o 2.0. The 14 f t t e s t s e c t i o n used i n t h i s t e s t i n c o r p o r a t e d a p e r f o r a t e d t e s t s e c t i o n w i t h 5.8 p e r c e n t p o r o s i t y t o m i n i m i z e model-wall i n t e r a c t i o n s . A d d i t i o n a l d e t a i l s on t h i s f a c i l i t y can be found i n r e f e r e n c e 1 .
The c o u n t e r r o t a t i o n t e s t r i g ( f i g . 1 ) has a p r o p e l l e r diameter o f 24.64 I n . on t h e f r o n t p r o p e l l e r and 2 3 . 9 5 on t h e r e a r p r o p e l l e r . age c h a r a c t e r i s t i c s of t h e t e s t r i g a r e l i s t e d i n t a b l e I.
The b

INSTRUMENTATION
Two P i t o t -s t a t i c p r e s s u r e r a k e s f o r measuring t h e f l o w f i e l d around c o u n t e r r o t a t i o n p r o p e l l e r t e s t r i g a r e shown i n f i g u r e 2 . rakes were spaced 6 i n . a p a r t and t h e rakes were mounted on t h e t o p , bottom, l e f t , and r i g h t of t h e c o u n t e r r o t a t i n g p r o p e l l e r t e s t r i g i n t h e p r o p e l l e r p l a n e . A l o n g P i t o t -s t a t i c c a l i b r a t i o n probe was used t o c a l i b r a t e these r a k e s i n t h e t u n n e l . These r a k e s were used w i t h no b l a d e s i n s t a l l e d on t h e c o u n t e r r o t a t i o n t e s t r i g .
The probes on oc khe these .
For measuring t h e e f f e c t o f p r o p e l l e r t h r u s t , a 20 f t l o n g s t a t i c tube was used on t h e f l o o r and c e i l i n g o f t h e t u n n e l . F i g u r e 3 shows t h e s t a t i c tube mounted on the c e i l i n g o f t h e t u n n e l . The tube had a t o t a l o f 81 a c t i v e s t a t i c p r e s s u r e taps l o c a t e d a t 27 a x i a l s t a t i o n s . Three p r e s s u r e t a p s a t each a x l a l l o c a t i o n w e r e s i t u a t e d w i t h one on each s i d e and one on t h e t o p of t h e t u b e . The s t a t i c tube measured t h e s t a t i c p r e s s u r e 10 i n . from t h e t u n n e l f l o o r and c e i l i n g .
The wind tunnel Mach number was determined from e i g h t t o t a l p r e s s u r e s i n t h e b e l l m o u t h o f the t u n n e l and f o u r s t a t i c p r e s s u r e s i n t h e balance chamber which surround the t u n n e l porous w a l l s . These p r e s s u r e s were used w i t h a tunn e l c a l i b r a t i o n program which used e x i s t i n g t u n n e l c a l i b r a t i o n d a t a t o c a l c ul a t e t h e wind tunnel Mach number, MMeasured. used for c o u n t e r r o t a t i o n p r o p e l l e r d a t a p r e s e n t e d t o t h e p r e s e n t t i m e . The accuracy of t h e pressure measurements used i n t h e t e s t was 5 0 . 0 3 p s i a .
T h i s MMeasured Mach number was c
ANALYTICAL WORK
The p o t e n t i a l flow computer program t h a t was used f o r comparison t o experi m e n t a l d a t a c a l c u l a t e s t h e compressible p o t e n t i a l flow about a x i s y m m e t r i c bodi e s of a r b i t r a r y shape. T h i s a n a l y s i s i s d e s c r i b e d i n d e t a i l i n r e f e r e n c e 2 .
I t was used t o c a l c u l a t e t h e v e l o c i t y r a t i o s t h a t would e x i s t around t h e count e r r o t a t i o n p r o p e l l e r t e s t r i g w i t h o u t blades i n f r e e a i r . The body shape downstream of t h e p r o p e l l e r was an a f t e r b o d y and a s i m u l a t e d exhaust plume which decreased t o a c o n s t a n t diameter s e c t i o n . The d i a m e t e r then expanded t o
isol a t e d a n a l y t l c a l model, t h e t u r b l n e housing and s u p p o r t s t r u t were r e p l a c e d by a c o n s t a n t diameter c y l i n d e r c o n t i n u i n g downstream r e p r e s e n t i n g an exhaust j e t .
TEST RESULTS FOR INTERFERENCE CORRECTIONS
Comparisons o f t h e a n a l y t i c a l and experimental v e l o c i t y r a t i o s a r e p r esented i n f i g u r e s 4 t o 7 for t h e Mach numbers o f 0.6, 0.7, 0.8 and 0.85, r e s p e c t i v e l y . The l o c a l t o free-stream v e l o c i t y r a t i o a t t h e p r o p e l l e r p l a n e ( t u n n e l s t a t i o n 150) i s p l o t t e d versus r a d i a l d i s t a n c e from model c e n t e r l i n e . The experimental d a t a i s p l o t t e d f o r t h e r a k e l o c a t e d a t f o u r d i f f e r e n t c i r c u m f e r e n t i a l p o s i t i o n s above, below, t o t h e l e f t , and t o t h e r i g h t of t h e c o u n t e r r o t a t i o n p r o p e l l e r t e s t r i g . The d a t a , e s p e c i a l l y near t h e p r o p e l l e r , g e n e r a l l y c l u s t e r s t o g e t h e r i n d i c a t i n g an axisymmetric f l o w f i e l d a t t h e p r o p e ll e r p l a n e . The rakes a c c u r a t e l y measured t h e v a r i a t i o n s i n t h e l o c a l f l o w f i e l d s u r r o u n d i n g t h e p r o p e l l e r r i g caused b y a l l sources i n c l u d i n g t h e s t r u t , t h e r i g , and t h e t u n n e l i t s e l f .
The a n a l y t l c a l v e l o c i t y r a t i o s from t h e p o t e n t i a l flow computer program shown on f i g u r e s 4 to 7 r e p r e s e n t the f l o w f i e l d t h a t would e x i s t around t h e p r o p e l l e r n a c e l l e i n f r e e a i r ( i . e . , no t u n n e l w a l l s ) . The d i f f e r e n c e between t h e a n a l y t i c a l curve and t h e experimental d a t a shown I n these f i g u r e s a r e small and r e p r e s e n t t h e needed I n t e r f e r e n c e c o r r e c t
i o n . To o b t a i n t h i s c o r r e c t i o n , t h e f r e e -s t r e a m v e l o c i t y i n t h e denominator o f t h e e x p e r i m e n t a l v e l o c i t y r a t i o must be a d j u s t e d s i n c e t h e l o c a l v e l o c i t y i n t h e numerator i s d i r e c t l y measured. w i t h t h e a n a l y t i c a l v a l u e . The f r e e -s t r e a m v e l o c i t y i s reduced u n t i l t h e r a t i o g e n e r a l l y agrees
The corresponding Mach number i n t e r f e r e n c e c o r r e c t i o n s f o r t h e c o u n t e rr o t a t i n g p r o p e l l e r t e s t r i g o p e r a t i n g i n t h e NASA Lewis 8-by 6-Foot Wind Tunnel a r e shown i n f i g u r e 8. I n t h i s f i g u r e , a d e l t a Mach number c o r r e c t i o n i s p l o t t e d versus measured t u n n e l Mach number. The d e l t a Mach number c o r r e ct l o n i s n e g a t i v e and can be a p p l i e d t o o b t a i n a c o r r e c t e d Mach number u s i n g t h e e q u a t i o n :
A t a t u n n e l measured f r e e -s t r e a m Mach number o f 0.8, t h e d e l t a Mach number c o rr e c t i o n i s -0.008 which reduces t h e Mach number i n t h e p r o p e l l e r p l a n e t o 0 . 7 9 2 . The c o r r e c t i o n i s -0.011 a t Mach 0.85 and -0.006 a t Mach 0.7.
The n e t p r o p e l l e r e f f i c i e n c y i s d i r e c t l y r e l a t e d t o f r e e -s t r e a m v e l o c i t y as shown i n t h e e q u a t i o n below:
-FREE-STREAM VELOCITY * NET THRUST q~~~ -SHAFT POWER I n dimensionless form, t h e e f f i c i e n c y e q u a t i o n becomes: 
EFFECT OF PROPELLER THRUST ON WALL INTERFERENCE
The c o u n t e r r o t a t i n g p r o p e l l e r t e s t r i g and t h e 20 f t l o n g s t a t i c tube a r e shown i n t h e NASA Lewis 8-by 6-Foot Wind Tunnel ( f i g . 1 2 ) . These t e s t t o o l s were used t o measure t h e e f f e c t o f p r o p e l l e r t h r u s t on t u n n e l w a l l i n t e r f e rence. The s t a t i c tube measured t h e s t a t i c p r e s s u r e 10 i n . from t h e t u n n e l c e i l i n g and floor a t 27 a x i a l s t a t i o n s .
The t e s t o b j e c t i v e was t o determine any a d d i t i o n a l w a l l i n t e r f e r e n c e c o rr e c t i o n s t o apply t o t h e p r o p e l l e r d a t a t h a t would be caused by t h e t h r u s t gene r a t e d by t h e p r o p e l l e r s . pressures caused by t h e p r o p e l l e r t h r u s t . The Mach number was t h e n c a l c u l a t e d from these pressures and t h e t u n n e l t o t a l p r e s s u r e . I n f i g u r e 13, t h e Mach number a t t h e p r o p e l l e r p l a n e near t h
e f l o o r i s shown versus t h e t h r u s t genera t e d by t h e p r o p e l l e r s for a f r e e -s t r e a m Mach number o f 0.8. T h i s f i g u r e shows no s i g n i f i c a n t change i n Mach number as t h e p r o p e l l e r t h r u s t i s v a r i e d from t h e w i n d m i l l v a l u e o f -80 l b t o t h e maximum t h r u s t v a l u e of 573 l b .
The s t a t i c tube was used t o measure t h e change i n The t h e o r e t i c a l G l a u e r t curve f o r s o l i d w a l l wind t u n n e l s ( r e f . 3) and a d d i t i o n a l d a t a f o r t h e porous w a l l 8-by 6-Foot Wind Tunnel a r e p r e s e n t e d i n f i g u r e 14. The p r o p e l l e r p l a n e v e l o c i t y t o r e f e r e n c e v e l o c i t y r a t i o i s p l o tt e d versus t h e t h r u s t c o e f f i c i e n t a t Mach numbers from 0.67 t o 0.9 w i t h t h e s t a t i c tube l o c a t e d on b o t h t h e f l o o r and c e i l i n g . I n a porous w a l l wind tunn e l , no e q u i v a l e n t v e l o c i t y e x i s t s t o t h e G l a u e r t r e f e r e n c e v e l o c i t y f a r upstream i n t h e s o l i d w a l l t u n n e l . Consequently, t h e v e l o c i t y near z e r o t h r u s t was used as t h e r e f e r e n c e . Also, t h e e x p e r i m e n t a l t h r u s t c o e f f i c i e n t has a c o m p r e s s i b i l i t y c o r r e c t i o n ( r e f . 4) a p p l i e d i n o r d e r t o compare d i r e c t l y w i t h t h e incompressible G l a u e r t e q u a t i o n . The d a t a s c a t t e r s t o t h e l i m i t s of t h e e x p e r i m e n t a l accuracy o v e r t h e wide range o f Mach numbers b u t g e n e r a l l y shows no change I n p r o p e l l e r p l a n e v e l o c i t y r a t i o w i t h i n c r e a s i n g t h r u s t c o e f f i c i e n t . The s o l i d w a l l C l a u e r t curve i n d i c a t e s t h a t a t a t h r u s t c o e f f i c i e n t of 0.4,
. ? 4 t h e p r o p e l l e r p l a n e v e l o c i t y r a t i o i n a s o l i d w a l l wind t u n n e l would be reduced about 1
. 2 p e r c e n t . Measurements made i n t h e s o l i d w a l l NASA Lewis 10-by 10-Foot Wind Tunnel f o r p r o p e l l e r t e s t s i n t h a t t u n n e l agreed w i t h t h e G l a u e r t curve and t h e c o r r e c t i o n s were made t o t h e p r o p e l l e r t e s t d a t a o b t a i n e d i n t h a t t u n n e l . That d a t a a n a l y s i s i s r e p o r t e d i n r e f e r e n c e 5.
The e f f e c t o f p r o p e l l e r t h r u s t on Mach numbers o v e r t h e l e n g t h o f t h e tunn e l t e s t s e c t i o n near t h e c e i l i n g and t h e f l o o r a r e shown i n f i g u r e s 15 and 16, r e s p e c t i v e l y . The square symbols r e p r e s e n t a w i n d m i l l t h r u s t around -85 l b w h i l e t h e t r i a n g l e symbols r e p r e s e n t t h e maximum t h r u s t near 575 l b . n i f i c a n t d i f f e r e n c e i n Mach numbers between t h e minimum and maximum t h r u s t a r e seen a l o n g t h e l e n g t h o f t h e t e s t s e c t i o n . This l a c k o f change i n t h e Mach numbers i s e s p e c i a l l y t r u e around the i m p o r t a n t p r o p e l l e r p l a n e t u n n e l s t a t i o n of 150.
No s i g -
Thus t h e measurements f o r t h e e f f e c t o f t h r u s t on w a l l i n t e r f e r e n c e s show t h a t no c o r r e c t i o n s a r e needed f o r t h e c o u n t e r r o t a t i o n p r o p e l l e r t e s t r i g a t Mach numbers from 0.67 t o 0.9 i n t h e porous w a l l NASA Lewis 8-by 6-Foot Wind Tunnel.
The e f f e c t of t h e c o u n t e r r o t a t i o n t e s t r i g and s t r u t can a l s o be seen i n f i g u r e 16 a t a Mach number o f 0 . 8 . The l e a d i n g edge o f t h e unswept s t r u t i s l o c a t e d a t t u n n e l s t a t i o n 194. The suppression o f t h e Mach number i n f r o n t o f t h e s t r u t can be seen i n t h e f i g u r e w i t h t h e lowest Mach number o f 0.768 o c c u rr i n g a t t u n n e l s t a t i o n 182. I f t h e same c a l i b r a t i o n procedure were done i n t h i s lower Mach number f l o w f i e l d , the c o r r e c t e d f r e e -s t r e a m Mach number would have been reduced s i m i l a r l y and t h e n e t e f f i c i e n c y a t t h e same power would
have r e q u i r e d a c o r r e c t i o n of about -2 p e r c e n t . However, t h e f i g u r e i n d i c a t e s t h a t a t t u n n e l s t a t i o n 161, t h e near w a l l Mach number has r e c o v e r e d t o where i t s t a r t e d a t Mach 0.804 w e l l b e f o r e i t reaches t h e a f t p r o p e l l e r p l a n e a t t u n n e l s t a t i o n 150. I t can a l s o be seen a t t u n n e l s t a t i o n 217, t h e flow reaches i t s maximum speed o f Mach 0.86 a t t h e a x i a l l o c a t i o n o f t h e maximum t h i c k n e s s o f t h e s t r u t .
Another approach t o see i f t h e s t r u t on t h e bottom o f t h e r i g has suppressed t h e Mach numbers i n t o t h e p r o p e l l e r f l o w f i e l d i s t o look a t t h e Mach number d i s t r i b u t i o n s on t h e s u r f a c e o f t h e c o u n t e r r o t a t i o n p r o p e l l e r t e s t r i g .
I n f i g u r e 17, t h e Mach numbers a t d i f f e r e n t a n g u l a r p o s i t i o n s on t h e surface of t h e c o u n t e r r o t a t i n g p r o p e l l e r t e s t r i g a r e shown a t a f r e e -s t r e a m Mach number o f 0.8 w i t h t h e p r o p e l l e r s a t w i n d m i l l c o n d i t i o n s . I f t h e Mach numbers on the a f t e r b o d y behind t h e p r o p e l l e r s a t t h e 180° a n g u l a r l o c a t i o n were lower t h a n a t Oo, then t h e r e would be an i n d i c a t i o n t h e s t r u t suppressed t h e Mach numbers. No evidence of s i g n i f i c a n t d i f f e r e n c e s i n Mach numbers between t h e t o p and bottom o f t h e a f t e r b o d y i s i n d i c a t e d i n t h i s f i g u r e . Thus, f i g u r e s 15 t o 17 i n d i c a t e t h a t t h e s t r u t d i d not s i g n i f i c a n t l y suppress t h e Mach numbers i n t h e p r o p e l l e r f l o w f i e l d . F u r t h e r , t h e c a l i b r a t i o n procedure uses d a t a o b t a i n e d from rakes which a c c u r a t e l y measured any e f f e c t s o f t h e s t r u t and t h e t u r b i n e housing on t h e p r o p e l l e r f l o w f i e l d and accounts f o r them t h r o u g h t h e i n t e r f e r e n c e c o r r e c t i o n s .
CONCLUSIONS
The i n t e r f e r e n c e c o r r e c t i o n s for c o u n t e r r o t a t i o n p r o p e l l e r t e s t i n g i n t h e porous w a l l NASA Lewis 8-by 6-Foot Wind Tunnel have been determined f o r Mach numbers between 0.6 and 0 . 9 . For example, a t a Mach number of 0.
T h i s Mach number c o r r e c t i o n , a t t h e same power c o e f f i c i e n t and advance r a t i o , w i l l reduce t h e c o u n t e r r o t a t i o n n e t e f f i c i e n c y by 0.46 p e r c e n t . The e f f e c t on e f f i c i e n c y for o t h e r Mach numbers can be found i n t a b l e 11.
The e f f e c t of p r o p e l l e r t h r u s t on w a l l i n t e r f e r e n c e was measured. No w a l l i n t e r f e r e n c e c o r r e c t i o n for p r o p e l l e r t h r u s t i s necessary f o r t h e h i g h speed c o u n t e r r o t a t i o n p r o p e l l e r d a t a i n t h e porous w a l l 8-by 6-Foot Wind Tunnel.
No s i g n i f i c a n t r e d u c t i o n i n p r o p e l l e r p l a n e Mach numbers due t o t h e s t r u t was measured near the w a l l w i t h t h e 20 f t l o n g s t a t i c t u b e . Also, t h e r e was no s i g n i f i c a n t c i r c u m f e r e n t i a l v a r i a t i o n o f t h e Mach number on t h e c o u n t e r r o t at i o n p r o p e l l e r t e s t r i g which i n d i c a t e s t h a t t h e s t r u t d i d n o t measurably suppress t h e flow a t the p r o p e l l e r p l a n e . 
